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other authors by transforming the time domain impulse responses into 
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Chapter 1 


INTRODUC TION 


The means by which man determines the location of a sound source 
Mes DECN Ol Interest tO many authors. This determination is called local- 
ization and consists of fixing the three spacial coordinates of the source, 
relative to one's own head. Necessary and sufficient information te ac- 
complish localization consists of the curvature of the wave front, together 
with the normal to the front. Alternately, one may speak of the azimuth 
angle, elevation angle, and range to the source. One theory using the 
Twi eOMlecurvaltire imanve Of reterence 1s based on the existence of 
lmbensity Giiterences at the two ears. Another theory seeks to determine 
wave-front curvature by comparing the phases of the signals received 
at each ear. A third combines the two previous ideas. One feature 
Meso tNCOrles snare in COmmon is that they all ignore the pimna, or ex- 
ternal ear. At most, they credit if with channeling the sound into the 
ear canal. 

In a significant departure from these previously advanced theories 
of localization, Batteaut proposes that the pinna performs an important 
transformation on incoming sound waves. This work indicates that the 
pinna may provide multiple delay paths which are azimuth- and elevation- 
G@ependent. tie suggests that the transformed signal is then autocorre- 
lated in the brain. It is interesting to note that localization in elevation 
to cisturbed by foldince the top Of One's pinnac down, an experinive@tal 


pesult that the reader may quickly verify for himself. This phenomenon 








enhances the proposition that the pinna does play a role in human local- 
1WA-RBRO)ee 

Tie Onjeciuive Of ilemnesis 1s to dclermine the mature of the trans- 
formation performed by the pinna. The pinna is to be treated as a linear 
physical system and its response to an acoustical impulse (described in 
Appendix E) is to be determined. Since the impulse response of a linear 
system completely characterizes that system, the pinna transformation 
will thus be specified in full. 

An artificial pinna was molded of a material acoustically similar to 
a human pinna. This synthetic pinna was fitted with a Bruel and Kjaer 
INiCroOpiove system mel ieimicrophone cartridge was Situated at the en- 
fPance tosumicreatecaial Waememt recorded the acoustical response of the 
pinna to the sound source. The pinna with microphone was molded to a 
dummy headite preserve 2 n@enial diffraction pattern in the vicinity of 
the pinna. “DPew@uremy as deseribed is shown in Pig. 1. Construction 


details of the dammmy and pinm@aecsare included as Appendices A and B. 
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Fig. 1. The dummy head and artificial pinna. 





Chapter 2 


Pea ver UrSE RESPONSE OF THE PINNA 


et CoMmiparison Of Human and Artificial Pinnae 


The artificial pinnac used were cast of an epoxy resin Similar, when 
cured, to an opaque Plexiglas. In an effort to evaluate the performance 
of the artificial pinnae, probe tube measurements were made on both 
humen and artificial ears for comparison. The synthetic pinna tested 
was a casting of the human test pinna. Equipment used was a 1/2" Bruel 
and Kjaer type 4134 microphone cartridge fiited with a probe one inch 
fencweune ecndvel the probcatube was located at.the entrance to, theyear 
canal, and was oricnted to point meses inte the ear canal lhe seu 
source was narrow Rend white noise driving two Bose acoustical trans- 
guecers. _lhe tests were not conducted in an anechoic chamber since only 
relative information was sought. Insofar as possible, all conditions were 
the same for all tests, and all tests were duplicated weckly for three 
weeks with the same results each time. The signal-to-noise ratio was 
at — Zisdo Lor irequenciec below 6 keps» 10d for frequenmei@csialcen 
6 and 12 — and was never less than 5 db for any frequency below about 
17 kcps. In all cases the standard for ideal performance was taken to be 
the sound pressure level at the entrance of the ear canal of the human sub- 
ject (referred to free field pressure) as measured by the B&K probe tube 
microphone system. Free field pressure is taken to be the sound pressure 
recorded by the probe tube microphone apparatus with the head and pinna 


removed from the sound field. 





In Fig. 2a, comparison is made between the sound pressure in a 
human pinna, and in an artificial pinna. Both ear canals weve open. For 
this measurement, the artificial pinna was fitted with an artificial ear 
canal made of a 23-mm length of rubber tubing, 7 mm in diameter, closed 
fe ene Cardrum end. The dimensions are from Nordlund. *° The artifi- 
cial pinna compares very well with the human pinna under these condi- 
tions even though the makeshift artificial ear canal was probably a poor 
Beeustica! modem Ihegwo curves in ig, 2a are everywhere tie samc 
within five db, and are within two db over most of the frequency range. 

A. similar probe tube comparison is shown in Fig. 2b, again looking 
@eesound pressure levels ai the entrances to the respective ear canals. 

In this case, however, the hwnan and artificial ear canals were blocked 
with clay. The end of the probe tube was situated near the centerline or 
the ear canal, about 1/16 inch from the clay. The differences between the 
two curves are again less than five db. 

Although these comparisons are encouraging, and serve to show that 
mie material used in the artificial ears is satisfactoryy the most important 
Poinparison Nas yet to be made. That is, howeclosely does a synthetic 
pinna with its ear canal blocked by a microphone compare with a human 
pinna with its ear canal unblocked? The tests were made with the B&K 
probe tube microphone exactly asepreviously described. The resultof 
mus COmiparison is shown in Fig. 3. The two curves are in close agregé- 
ment excep? in the range from 2.7 kcps to 6 kcps, where a difference of 
e-eumued as 12 dbocceurs at 4 kcps. This divergence was not umeepected, 
for the ear canal is an acoustical device with a resonant frequency of 


17 ofe e e 
about 3 keps. It would be unreasonable to expect the artificial vinna, 
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Fig. 3. Sound pressure level at entrance to ear canal vs. frequency (ke). 





with its ear canal blocked by a microphone, to perform as if the micro- 
phone was not present. Tlowever, the differences between the two curves 
of Fig. 3 are not great, especially outside the 2.7 to 6 keps Bena and it 
was felt that meaningful results could be obtained within this very real 


limitation. 
eee iInmoulse Responses of Four Artificial Pinnae 


The @esien and const#uction of the apparatus used inthe basic experi- 
mient Or this thesis is outlined in detail in Appendices A, B, and C. A sche- 
Meare Of the experimental setup is given in Fig. 4. The integration step 
Shown there is necessary since the electrical spark discharge produces 
an acoustical doublet rather than an impulse. See Appendix E. As a pre- 
lentes checlh. om the characteristics i the measuring equipment, a bare 
microphone (i. e., ers less artificial pinna) impulse response 
fe demrmined. Phe technique employed was to open the shutter of the 
@scilloseope camera and wait for the Spark to occur, producing an oscil- 
loscope trace. The shutter was then closed. The resultant photograph 
shows the impulse response of the apparatus, in this case with no pinna. 
This response was secn to be an impulse (flat spectrum magnitude over 
the frequency range 100 cps to 20 kcps). Therefore, the conclusion was 
drawn that the apparatus could be expected to accurately determine the 
impulse response of the artificial pinnae. That is, the experimental re- 
sults would not be significantly altered by the measuring and recording 
apparatus. When the distance between the spark gap and microphone 
Wie wlvec tO tireemiect, Gee inipulse response @f thelsyecem remained 


an impulse, but now with an areca twice the previous area. This supported 
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the carlier assumption that the system would be linear. 

The major experiment was now conducted. In succession, four 
Vijerent right-side pinnae were fitted in place on the dummy, with the 
microphone diaphragm situated where the entrance to the car canal would 
normally be located. Impulse responses were found at each of six differ-_ 
pilieaZigeains: @F 45, 90m 160jg270, and 315 degrees, whe:e zero degrees 
is straight ahead and 90 degrees is to the dwnmy's right. Three differ- 
ent elevations were used, +30, 0, and -30 degrees. Each of the impulse 
responses thus obtained was recorded photographically. See Figs. 5 
and 6 for reproductions of the oscilloscope photographs. A pantograph 
was employed to transfer each trace from photograph to paper, using a 
scale expansion factor of three to one. Signal-to-noise ratios varied from 
about 14 db to about 30 db, being limited by the presence of the integrator 
mi the Systen.. 

ING@we tat for each azimuth tested, the four individual pinnae had re- 
markably similar impulse responses. Although the vertical amplitude of 
each has been scaled to give a flora presentation, it may be observed 
that axis crossings, general shape, and total duration are nearly identi- 
cal for the four different subjects. That this should be so, even though 
the four pinnae used had basic, pronounced physical differences, probably 
means that future experiments may be conducted with subjects listening 
through pinnae not their own with no resultant mismatch. No learning 
period should be necessary, and results should apply in general to at 
least a larger class of pinna types. 

: The major mode in these impulse responses appears to be about 


3 keps for certain azimuths and elevations, and as much as 5 keps for 
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eofera. oCe Pigs. 5 and 6. 

A marked dependence on azimuth was observed as shown in Fig. 7. 
The impulse responses of pinna number one, as a funetion of the six azi- 
muths tested, are ploited with the same time seale. Vertical magnituces 
gee adjusted to be approximately equal, sinee no better comparison of 
magnitudes is possible (amplitude varied with the intensity of each dif- 
ferent spark sound). Axis crossings, general shape, and duration all 
ehange with changing azimuth. 

Interestingly, although the duration of the spark sound was only 
about 50 ps (from Fig. 14), the average impulse response lasted as 
long as 600 ps (Fig. 7). 

forinem® analysis as dificult im,the time domain, so the next seetion 


eonsiders the frequeney transform. 
2.3 system Functions of Four Artifieial Pinnae 


Virtuaiyeall previously published work has been in the frequencgs do- 


I, 2 Thus, corrobora- 


main (with the notable exception of that of Batteau 
mon Oo! the preceding time domain results of this thesis could be found 
ely aiter computing Fourier transforms of the impulse responses claimed. 
such a transform would be called the system funetion. Here the system 

is the pinna and the system funetion is the same funetion of frequeney tha’ 


saci Belemtoussal he coundeupmoscure level atubheucmitaaiiec 


other authors 
to the Gar eanal, referred to free field pressure. Without exception, 
their measurements are made with probe tube microphones. Note that 


all data considered in this thesis refers only to the effects of the pinna 


as Imeacvired at the entranee to the ear eanal. 
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Fig ¢. Impulse response as a function of azimuth for subject number one. 


Pewiical scale arbitrary, each is adjusted to same amplituce, 
Elevation angle zero. 








The method and the technique used to find the Fourier transforms, 
or system functions, are described in detail in Appendix D. A note- 
worthy observation on the method used, and included there, is that no 
meequcncy limitation exists in the audio ramge., At best, probe tube micro- 
f@gomes are of limited accuracy aboyerdpout 6 to 10 kcps. 

The system functions for the right pinnae of four subjects and for 
Preaitieren: azitmutis cach are plotted in Fig. 8. These fiinctions of 
frequency are the Fourier transforms (magnitude only) of the impulse 
Pesepenses given in Fig. 5. Averages for the four subjects are shown as 
femeo lines in Pig. 9. These averages are compared m1ere With the work 


of two other authors. The solid and broken lines show the sound pressure 





howd ee Cnirance to the ear canal, referred toiree field, as found by 
mener-” (1947) and Shaw!” (1965). The solid portion of the line is Wiener's 
data, substantiated by Shaw. The broken line is due to Shaw and is the 
average of ten subjects. All datais normalized to 0 db at 500 cps. Both 
Wiener and Shaw relied on probe tube’microphones for their results. Note 
the ae general agreement between the system function averages of this 
and the related results of Wiener and Shaw up to about 6 kcps in some 
cases and 8 kcps in others. The radical differcnces beyond these frequen- 
cies and up to 20 kcps remain unexplained. However, the point has al- 
ready been made that the method utilized in this thesis is essentially free 
of the limitations on frequency range and sensitivity that are inherent in 
probe tube measurements. 
ieee 10 groups all azimuth curves for subject number one, as taken 
Mom Pig. 9s, Subject Gmeme characteristic of the other three subjects. 
merreduced™evels of the-system functions for azimuths of 2r@ and 3f5 


Q 
degrees are probably due to the sound shadow cast by the head.” 
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Chapter 3 


Cee LUsION> AND SUGGESTIONS FOR FURTHER WORK 


The general topics explored by this thesis do not lend themselves 
to obvious or easy conclusions. The impulse response of the pinna has 
meeed been found, andthe related system functions compare favorably 
with previous work by other authors. The synthetic pinna used seems 
to be a good substitute for the human pinna, although the presence of 
Peesiaicrophone cartridge at the entrance to the normally open ear canal 
Sewmipis the acoustical properties of the ear to a certain extent. How- 
ever, although a considerable amount of data has been obtained and docu- 
miemeed herein, no theory of localization has appeared. The proposition 
that the pinna has an important function in localization needs to be studied. 
lem instence, consider the iollowing hypothetical experiment: A subject 
using insertion type earphones (to prevent his pinnae from affecting in- 
coming sounds) listens to a sound source passing through a certain net- 
work before reaching the ees That network is to have an impulse 
Beepense such as that shown in Fig. 5b; i.e., the impulse response for 
an azimuth angle of 45 degrees. If the pinna plays an important role in 
localization, the subject should localize the sound at an azimuth angle 
of 45 degrees. With this result, attention would then be focused on tne 
network with the pinna impulse response. Running tests could be madc, 
changing the impulse response while listening. Or comparisons could 
be made using networks set with different impulse responses. 


Time has limited the scope of this thesis to finding the impulse 





NS 
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response of the pinna. However, through expcriments such as those 
mentioned above, the results produced here should serve as an impor- 
tant first step in the larger problem of understanding how localization 


is possible. 








Appendix A 


DESIGN AND CONSTRUCTION OF THE HEAD 


Previous work by Holanes” i the Research Laboratorygof Electronics 
showed that the diffraction patterns around a dummy head carved of balsa 
wood and covered by latex rubber arc substantially those surrounding a 
human head. In an effort to bctter approximate the human head, a new 
dummy was constructed. The low density (10 lbs/cu. ft.) balsa wood was 
discarded in favor of higher density (26 lbs/cu. ft.) plastic foam. The 
latex rubber outer covering was retained. 

The head from a department store mannequin was obtained and coatcd 
with paste wax. A latex rubber coating was then applied with a spray gun, 
alternating each coat with ten-minute curing periods in a 200-dcegree oven. 
The finished thickness is about 5/32 inch. After an overnight cure, the 
rubber mask was stripped off the mannequin head and set aside for further 
work. 

Whe interior dctails weresdesigned with future experiments in mind. 
Accordingly, adequate space is provided for differcnt types of internally 
situated microphone systems. Mutual isolation of the two ears was also 
a considcration. Taking all prpobléms into account, a wye of 2" ID brass 
imo? was chosen to iorm thce—necessary interior passages. The wyerwes 
fabricated with the arms at an angle of 45 degrccs from the vertical, as 
Showin Fig. 11. The three Sections of tubing arc silver soldered to- 
Sevier. 

Proceeding to the next step in construction, the rupber mage wes 


placed in an invertcd position with the tubing in place inside it. The ev 
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Piemiit. Cutaway view showings the inside arrangement in te dummy. The 

timec-concucior cable is soldercd to a 45-degrce aisle adantor, 
whieh 1s in turn fastened to the Brucl and KRjacr t¥pe 41233 micro- 
bione cariridee. 











ot 


side of the mask was packed with sand to control anticipated expansion 
during the following operation. The mask was then filled with Eccofoam 
FP, a rigid polyurethane foam-in-place liquid resin, which has a bulk 
density of 26 lbs/cu. ft. This resin was mixed with a catalyst, which 
caused vigorous foaming in the mixture. A fourfold expansion took place, 
filling the mold. Again, an overnight curing period was required. Trim- 
ming and cutting the openings for the pinnae completed the construction 


meine dummy head. 
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Appendix B 


CONSTRUCTION OF ARTIFICIAL PINNAE 


The methods applicable to molding and casting the aitificial pinnae 


used in this thesis and the selection of materials used in the process are 


clive to Batteau.- Basically, a rubber mold is made of the pinna and then 


that mold is used to cast an artificial pinna using a suitable material. 


tmadeaiad tO fultire work, the procedure is given here: 


ie 


Ze 


Wash ear, and insert cotton in ear canal to protect same. 

@ever hair ineremity Of Car with tape. 

Spray ear with a mold release to facilitate mold removal. 
(PieDow COrtinepomactic RIV7502, a room-temperature vulean= 
neo tuber Of aimeditim flexibility, with provided catalyst accord- 
iemte cclirectioie, 

With subject's head lying horizontally, apply RTV 502 mix to 

ear, | Cchniduemm@ci be cained by experience to yield a mola 
with no voids or air bubbles. 

When cure is complete, in about twenty minutes, carefully strip 
mold from ear of subject. 

Build up edge of mold with Dow Corning Silastic RIV 732 to facil- 
ficte (teapoummic Ol the pinna casting. 

Spray mold with mold release. 

Mix Emerson and Cuming Stycast 3050, an epoxy casting resin 
similar to opaque Plexiglas when cured, with the proper catalyst. 
Pour into mold. Again, only technique gained through experi- 
ence can produce a good nonporous casting with no bibles of 


voids. 





N2 
Si 


fie castings were made from the right cars of four different sub- 


jecis. 
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Appendix C 


Piao OF THE MICROPHONE SYSTION WIttl INTEGRATOR 


The Bruel and Kjaer 1/2" capacitor type microphone ai was 
Peteccrca 10r iS excclicnt irequency response charactcrisic, its good 
sensitivity as compared with smaller diamcter cartridges, and its con- 
veniently small size. However, the design decision employing the brass 
tubing wye in the dummy created a problem because B&K does not make 
mimeacanier which permits a 40 ucpree pend petween tie micropmone Ccar- 
tridge and its cathode follower. Accordingly, the Research Laboratory 
of Electronics machine shop was called upon to design and fabricate sev- 
peeloi these 40 dcgreemadaptcrs. Wacn has three concen ie conducier. 
separated and insulated frorm cach other by specially machined sections 
of Teflon tubing. During final assembly of cach adapter, liberal use was 
made of cleaning solvents to keep out all traces of dirt. The relative 
location of the adapter as used in the dummy may be secn in Fig. 11. 

The microphone cartridge is cushioned in Silasti@ RTV f32 rubver 
and is situated at the entrance to the ear canal. «A lead sleeve surrounds 
the concentric rubber cushion. Inthe finished form, a circular ale 
7? mm in diameter in the center of the cartridge diaphragm is cxposed 
to the sound pressure present at thescntrance to the ear canal.” 1 netears 
tridge is shielded and Ferelleutea from sound pressures or vibrations from 
any direction other than the normal path sound follows in reaching the 
ear canal. The 45 degree adapter previously described was fastened 


to the microphone cartridge with the conventional screw threads. The 








opposite cnd of the adapter was connected to a one-inch diameter B&éAK 
cathode follower, type 2614, via three-conecntric~conductor cable. As 
explaincd in the next paragraph, it was necessary to interposc an inte- 
grating network between the adapter and the cathode follower. This was 
insertcd between two sections of the above mentioned cable. 

Utilizing the doublet source which is described in Appendix IX, one 
could proceed and find the doublet response of a linear system (such as 
the pinna is herein assumed to be), but the integrated vcrsion of sucha 
response is more often considered. Duisuis.so,because the iemmies 
transform of the impulse response to be obtained is the familiar system 
f/mretion. This integration step could, theorctically, be periornicd an,- 
where in the systcm, including at the input or output. Of coursc, in this 
ease the excitation cannot be uouperecl! Also, unless the integration 
network preccdcs the micnoetene cathode follower, objectionable distor~ 
tion occurs there. These facts, togcther with the space limitations in- 
side the dummy, requircd that the integration network be located aitcr 
the microphone cartridge and before the cathode follower. This was donc, 
meine a circuit due to Bruce.” 

The acoustical-electrical system in Fig. 4 was scttled on as the one 
needed to find the desired pinna impulse rcsponses. Before procceding, 
however, the system was checked by temporarily replacing the microphone 
cartridge with a B&K JJ2614 and an clectrical equivalent of the micro- 
phone. The JJ2614 permits an clectrical rather than an acoustical input 
to be made to the microphone system. The clectrical input chosen was 
a periodic train of differentiated pulses. Tne system, walon properly set 


up, integrates cach such differentiated pulse and yiclds an ouiput pulse 








train with a flat spectrum — the same spectrum the undifferentiated input 
pulses had. Jn this manner, the system was shown to be integrating as 
desircd, at least from 100 cps to 20 keps. The electrical input sdapler 
was then replaced by the B&K type 4133 microphone cartridge — fitted 
to the dummy head and pinna. 

scope triggcring was accomplished by placing a separate microphone 
system slightly closer to the sound source than the six fect choscn for 
the source-to-pinna distance. This early pulse, received ¢ach lime the 
Spark fired, was stepped up by a transformer and used as a trigger 


: : 6 
source. This arrangement is duc to Dodds: 








Appendix 1) 


THE FOURIER TRANSFORM OF AN APERIODIC SIGNAL 


As outlined in the text, the necessity arises to Fourier transform 
the aperiodic impulse responses earlier determined. To accomplish 
wais, several methods are available. moddes utilized a computer in his 
work with electric spark waveform transformations, thereby cmploying 
a method which yields both magnitude and phase information. However, 
this process is time~consuming and tedious. Since there were Some two 
dozen Fourier transforms to be taken, the following method (shown sche- 
matically in Fig. 12) was chosen. 

Inteaeh of the 24 cases, an clectronic circuit wes Olfainecwaiin an 
impulse response identical to the impulse response which was to be 
Fourier transformed. This was casily accomplished by using a tapped 
delay line two milliseconds long with variable taps of 20 microseconds 
each. The delay line received an input of 20 microsecond pulses from 
a Tektronix Pulse Generator. The desired impulse response was con- 
structed, in this most elementary fashion, with rectangular ‘building 
blocks! 20 microseconds long and of adjustable height. Ky expanding 
the time scale of the impulse response being duplicated, it was possible 
to use all 100 taps and closely approximate the original impulse responec. 
As a visual guide during the process of setting cach tap on the delay line, 
the shape of the desired impulse response was actually drawn on the 
oscilloscope face. These responses had been originally recorded on 


Polaroid film, so it was a simple matter to cut each photograph in two 
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along the trace. The lower half was then uscd for a template to transfer 
the exact shape of the impulse response to the oscilloscope face. The 
oscilloscope was then used to monitor the output of the delay line as the 
taps were adjusted to synthesize the desired impulse response. 

With an input of 20 microsecond pulses from the pulse generator, 
the output of the delay line was not just one impulse response, but a peri- 
odic train of identical impulse responses. This signal was fed to a Gen- 
eral Radio Spectrum Analyzer and Graphic Level Recorder. The output 
of the level recorder was a plot (versus frequency) of the magnitude of 
the desired system function. Unfortunately, phase information could not 
be obtained using this setup. 

The time scale expansion factor of 5.0 mentioned earlier, combined 
with a factor of 1.43 introduced by the eielauror camera lens, gave an 
over-all scale factor of 7.1. This factor is the Mepenieen tol Sriabiae 


following scaling property of Fourier transforms: If 


then 


h(t/a) ++ Jal H(af). 


iitsmire nicmicateom CedMeney @l ookens oh the graphic level recordiea 
sponds with an actual frequency of 3 X 7.1 = 21.7 kcps in the system func- 
Moree lic Scale laclOr Wacminucoaguecd in order to allowmiie@ usGror more 
delay line taps when synthesizing the impulse responses. An unexpected 
bonus was that plots on the level recorder could be terminated at the 

3 kcps point instead of at 20 kcps, allowing a substantial savings in plot- 


iheyo wbequar 
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As a final observation regarding the system functions so obtzined, 
it may be seen that the method has no upper frequency limit within the 
range of normal hearing. Since the Bruel and Kjaer microphone system 
used to obtain the impulse responses is practically flat to 40 kcps, and 
the spectrum analyzer is usable to 50 kcps, it is theoretically possible 
to find the system function of the pinna for frequencies up to 7.1X40 kcps = 
284 kcps. This is substantially beyond the upper limit of hearing, usually 
taken as 20 kcps. 

To illustrate these procedures, consider the simple exponential shown 
in Fig. 13a. This waveform is the capacitor voltage in a series RC cir- 
cuit, where RC = 4X Ona Secemec1Or-an input of a unit pulse. Pme peri 
@eie Waveiogm of Fig. 1368 is obtained when the RC circuit input is a peri- 
odic pulse train. The Fourier transform of this periodic signal was found 
using the methods previously outlined, and is seen as Fig. 1l3c. Note the 
familiar shape, and the fact that the magnitude of this transform varies 


Pemiiior large f. 
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Big. 13a. A simple aperiodic signal] -- the exponential. 
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Appendix 15 


Coe e nie SPAR Wo A SOUND SOURCE 


As Carly as) 1939, Békésy- noted that, of all sound sources he tried, 
the sound of an electric spark in air is best localized. According to 
eeieat,” for a sound to be localized when only one ear is used, the sound 
must be Of Sulmcient complexity to "span" the three coordinates of space. 
mits, te vould appear that there is Some characteristic of an electric 
Spark that qualifies if as such a sound source. Dodds® has shown that 
the sound pressure generated by an electric spark in air is an acoustical 
doublet. A doublet (acoustical or otherwise) is the first derivative of an 
impulse, and it is well known thai the impulse response of a linear sys- 
tem Completely characterizes that system. see Fig. 14a for a reproduc- 
tion of an actual spark sound waveform as taken from an oscilloscope 
mlelure. ihe Same type of Spariss electrically inteprated, is shown in 
Fig. i4b. The magnitude of the spectrum of this resulting impulse is 
shown in Fig. 14c. This flat spectrum means that the sound from a spark 
gap in air meets Batteau's spanning requirement. Additionally, we see 
that a spark sound is of value as a sound source because its properties 
may be simply and uniquely described. This means that the results of 
any given acoustical experiment using the spark sound source may be 
ascribed to that which is being investigated, and not to the source utilized. 

Therefore, the decision was made to employ the electric spark as a 
pomoemoeurce. Accordingly, this selection made the experiments imde- 


pendent of the idiosyncrasies of any loud-speaker system. Also, since 
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Fig. 14a,b. Acoustical doublet in air and its integral. Magnitude 
scale arbitrary. 
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the length in air of a 50 ps duration spark sound is less than one inch, 
the experiments became cssentially independent of environment and it 
Wes noLmeccssary to cendmet the cxperiments in an anechoiechamber. 
The apparatus used to generate the spark sound (see Fig. 15) iis 
essentially that used by ene. but with a change in electrode sizc, 
shapc, and gap to produce a wavcform morc closely approximating a 
doublet. This modification was done by trial and error, mcasuring the 
spectrum of a typical spark each time by a method described in Appen- 


dix D. As was shown in Fig. 14, the waveform produced by this spark 


= OM 


iat il baal EE S SSE Pk. SA 


Qt 
A AQ ad ie 
oi \/ roca Oa icani =f 


= I 
£ 
EN joa Brass icclXGaee 
pre! M. | 4.0mm diameter 


3S "fw 29.3 
f a =~ = SOCIO aT. 


mre. 15a. Spark generator. From Poe ob. oat ae 


Dodds!” Fig. 1. 


pap 1S thal of a douptet fromm eps to 20 kcps, which is the Trequency 
range of interest here. In operation, the spark generator produccd a spark 
about cvery three to four scconds. The sound pressure level as measured 
Povernie Nic ropione ate Waset20 to 135 db with the spark Six icet irom 
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